Abstract As the channel length of metal-oxide-semiconductor field-effect transistors (MOSFETs) scales into the nanometer regime, quantum mechanical effects are becoming more and more significant. In this work, a model for the surrounding-gate (SG) nMOSFET is developed. The Schrödinger equation is solved analytically. Some of the solutions are verified via results obtained from simulations. It is found that the percentage of the electrons with lighter conductivity mass increases as the silicon body radius decreases, or as the gate voltage reduces, or as the temperature decreases. The centroid of inversion-layer is driven away from the silicon-oxide interface towards the silicon body, therefore the carriers will suffer less scattering from the interface and the electrons effective mobility of the SG nMOSFETs will be enhanced.
Introduction
The traditional planar one-gate metal-oxide-semiconductor field-effect transistor (MOSFET) is approaching its scaling limit owing to the current tunneling through the ultrathin gate oxide and the severe short-channel effects (SCEs). To extend the scalability of the complementary MOS (CMOS) technology as far as possible and to alleviate the tunneling effect, as well as to minimize the SCEs, some new kinds of MOSFETs have emerged. Such as double-gate (DG), triple-gate (TG), and surroundinggate (SG) MOSFETs. See for example Refs. [1] [2] [3] [4] [5] [6] [7] [8] , and the references therein. Of all the new kinds of MOSFETs, the SG MOSFETs represent the best candidate for controlling SCEs. Furthermore, an SG MOSFET can be scaled to the shortest channel length possible for a given gate oxide thickness and a given silicon film thickness.
As the channel length reaches to nanoscale, quantum mechanical effects are manifest and can be ignored no longer. In this work, we study the quantum mechanical effects of SG nMOSFETs in nanosize, and how the effects influence the transistor's performance.
Analytical Model
The schematic structure of an SG nMOSFET is depicted in Fig. 1 . The radius is very small and the SG nMOSFET will be fully depleted. [9−10] The thickness of the oxide is t ox , the channel length L, and the radius of the silicon body a. For an nMOSFET, most of the carriers are electrons and they obey both Schrödinger and Poisson equations. For simplicity and lose few physical insights, we assume that the coupling between the two equations can be neglected. This simplification has been justified in the study of DG MOSFETs.
[11] The simplifying assumption will break down for a large electron density, n e . At the large n e case, the electric potential, φ, in Poisson equation is affected greatly by n e , and the wave function in Schrödinger equation will also be influenced severely by φ. Therefore the two equations can not be decoupled when n e is large. Similar to other works, [8,11−12] we do not study the electrons motion along the channel direction. By taking this into account, the Schrödinger equation is reduced to two dimensions and is expressed as
where = h/(2π), is reduced Planck's constant, E is the subband energy, or energy eigenvalue, and m conductivity effective masses of an electron along radial direction. For a silicon crystal with (100) orientation, there are two sets of conduction subbands, or ladders, corresponding to the six distinct ellipsoidal constant-energy surfaces. The lower-energy ladder has a fourfold degeneracy with m * ρ,1 = 0.33m 0 . The higher-energy ladder has a twofold degeneracy with m * ρ,2 = 0.19m 0 . The conductivity effective masses of an electron along channel direction are: m * z,1 = 0.19m 0 , m * z,2 = 0.97m 0 , [12−13] being m 0 the free electron mass (= 9.11 × 10 −31 kg). α = 1, or 2 corresponds to the two silicon valleys. By applying the separation of variables method, the wave function of an electron, ψ(ρ, ϕ) can be written as ψ(ρ, ϕ) = R(ρ)Φ(ϕ). Using boundary condition Φ(ϕ) = Φ(ϕ + 2n ϕ π), the wave function is represented as
here n ϕ = 0, ±1, ±2, . . ., and R(ρ) satisfies the following equation
When ρ = 0, R(0) should be finite and the solution for R(ρ) in Eq. (3) is R(ρ) = J nϕ (ρ/λ), where λ = 2 /2m * ρ,k E, which is feature length, and J nϕ (x) is the J-type Bessel function of the n ϕ -th order,
Considering the confinement in the potential well defined by the gate-oxide barriers (which are virtually infinite), we have boundary condition
which means the electrons can not penetrate into the oxide. With this, the eigenvalue-energy can be obtained as
where E co is the bottom of the silicon conduction subband and can be referenced to 0. x nr ,nϕ is the n r -th root for J nϕ (x), and can be obtained from a mathematical handbook, [14] n r = 1, 2, 3, . . . The smallest three x nr ,nϕ are: the first root for J 0 (x) = 0, which is x 1,0 = 2.4048, the first root for J 1 (x) = 0, or for J −1 (x) = 0, which leads to x 1,1 = x 1,−1 = 3.8317, and the first root for J 2 (x) = 0, or for J −2 (x) = 0, it follows that x 1,2 = x 1,−2 = 5.1356. When n r or n ϕ is large, x nr ,nϕ can be approximated as [15] x nr ,nϕ ≈ n r + 1 2
The lowest 3 energy eigenvalues are:
. At last the wave function can be obtained as
A nϕ are normalization constants and can be determined by normalizing Eq. (8), which is
leading to
Combining Eqs. (8) and (9), we obtain
3 Quasi-Fermi Energy Along Channel
Neglecting the presence of oxide charges and the interface traps, the voltage drop across the oxide is expressed as
where V GS is the voltage applied to the gate, and φ ms is the work function difference between the gate material and the silicon body. The surface potential at the interface of oxide-semiconductor, φ s (z), can be described by:
here V DS is the voltage applied to the drain. Equation (12) means that the drain voltage is averaged along the channel.
With the theory of density of states (DOS), the electron density in the channel, n e (z), is expressed as
where D 1 (E z ) is the one-dimensional (1D) DOS, by taking into consideration of the electron spin, D 1 (E z ) can be expressed as
where
being m L the longitudinal effective mass. [12] f (E) is the Fermi distribution function for electrons
being E F n the quasi-Fermi energy. ∆V = ∆Lπa 2 , is the volume of a slice along the channel with a length of ∆L. We assume that the parabolic dispersion relationship for the energy component in the z direction holds true (13) can be expressed as
where g α is the degeneracy factor, g 1 = 4, and g 2 = 2. The total number of electrons in the channel, N e , is represented as
where S is the cross section area of the silicon body, S = πa 2 . The relationship among the voltage drop across the oxide, the total charge, and the total capacitance of the oxide, is as follow
where q is electronic charge, n a is the channel doping density, and C ox is the total capacitance of the oxide, given by
being ε ox the permittivity of the oxide. Equation (19) is obtained as follows: take a slice at channel position z, the thickness of the slice is ∆L, therefore the volume of the slice is S∆L, under weak inversion condition, the total charge is q(S∆L)[n e (z) + n a ], the total capacitance of the oxide with a length of ∆L, is ε ox (2π∆L)/ ln(1 + t ox /a), Eq. (19) is obtained by using the relationships of voltage drop, charge, and capacitance. Substituting Eq. (11) into Eq. (19), we obtain a closed expression for n e (z)
Equations (17) and (21) are in closed form, with them one can obtain E F n (z) for different channel position z. Figure 2 shows the quasi-Fermi energy, E F n , versus channel position, z. We notice that the difference of E F n between the source and the drain equals the voltage applied to the drain/source. When a voltage is applied to the drain/source, the E F n will be lowered accordingly, this is in accordance with the traditional planar one-gate MOSFET. [16] In the numerical computation, we find that E F n converges very fast to n ϕ , and n ϕ = 2 is large enough to meet the accuracy demand. 
Electron Occupation and Effective Mobility
The electron occupation number in each subband can be obtained as follow
The occupation number in the γ-th subband is represented as N We compute the electron percentage in the lowest 3 subbands. Figure 3 shows the results. Compared with the simulation results from nanoHUB, [17−18] which solves coupled Schrödinger and Poisson equations numerically, good agreement is observed.
Similarly, we can also obtain the electron percentages in different ladders. The electron in the lower-energy ladder (α = 1) has a lighter conductivity effective mass along channel direction, m * z,1 = 0.19m 0 . On the other hand, the electron in the higher-energy ladder (α = 2) has a heavier conductivity effective mass, m * z,2 = 0.97m 0 .
[12] Computation results show that most of the electrons are located in the lower-energy ladder, α = 1, (see Fig. 4 ) therefore the conductivity effective mass is minimized, which means the mobility of the electron is enhanced. By this way, the performance of the SG MOSFETs is improved over that of the traditional planar one-gate MOSFETs. [19] This result is in accordance with that obtained by SCHRED of the DG MOSFETs.
[20] Figure 4 shows that, when temperature rises, the percentage of the electrons with lighter conductivity effective mass will decrease. Generally, thanks to the scattering effect, the electron mobility decreases with the rising of temperature, hence it is undesirable for MOSFETs with high temperature. [16] For SG MOSFETs, the percentage of electrons with a lighter conductivity effective mass decreases with the rising of temperature, which implies that high temperature has twofold side-effects on the SG MOSFETs. As illustrated in Fig. 5 , the percentage of electron with a lighter conductivity mass increases quickly with the decreasing of the silicon body radius, or slowly with the reducing of gate voltage. These results are similar to those of the DG MOSFETs. [8] Additional carrier mobility enhancement will be obtained by reducing the silicon body radius. We should emphasize, however, that ultra small radius will result in severe surface scattering and decrease the carrier mobility. 
Centroid of Inversion-Charge-Layer
The inversion-charge-layer centroid, ρ max , is the place where electrons are most likely to be found. The electron distribution function along the radial direction, Ω m (ρ), is Figure 6 shows the first, and also the dominant distribution function, Ω 0 (ρ) versus scaled radius position. According to the definition, the inversion-charge-layer centroid should be determined by the following equation
Since most of the electrons are in the first subband, for simplicity and lose few physical insights, we take m = 0, leading to
The solution for the above equation is
which means the inversion-charge-layer centroid is almost at the middle of the silicon body. Under weak inversion condition, Eq. (27) is in good agreement with that obtained by Roldán et al. [21] for the device with a small radius, (a < 5 nm). While for the device with a large a, the eigenfunction converges slowly and more of which needs to be taken into account. Owing to only the first eigenfunction (m = 0) is considered in this work, our result deviates a little from Roldán's when a is large.
From Eq. (27) we know that the electrons are driven away from the oxide-semiconductor interface, and less scattering will happen to the electrons, the mobility of the electron will increase. It is good for the device performance.
Conclusions
In this work we have developed and demonstrated a physics-based quantum-effects model for SG nMOSFETs. Some important properties of the device are obtained, and these properties may be of great help for Integrated Circuit (IC) designers in the future.
(i) The electron occupations of different subbands are studied analytically and the results are verified via the results from simulations. It is found that most of the electrons are in the first subband. When the silicon body radius increases, the percentage of electron in the first subband decreases.
(ii) The percentage of electron with the lighter conductivity mass increases with the decreasing of the silicon body radius, or with the reducing of the gate voltage. Carrier's effective mobility will be enhanced by using a small silicon body radius.
(iii) On one hand, owing to the scattering effect, the electron mobility decreases with the rising of temperature. On the other hand, the percentage of electron with a lighter conductivity mass decreases with the rising of temperature, reducing the electron effective mobility. Therefore high temperature is undesirable for SG nMOSFETs in more than one way.
(iv) The centroid of inversion-layer has been analyzed. As the electrons are driven away from the silicon-oxide interface towards the silicon body, owing to less surface scattering, the electron mobility of the SG nMOSFETs will be enhanced.
